[1] The critical point hypothesis for large earthquakes predicts two different precursory phenomena in space and time, an accelerating moment release and the growth of the spatial correlation length. The objective of this work is to investigate both methods with respect to their predictive power. A systematic statistical test based on appropriate random earthquake catalogs allows to quantify the correlations of a precursory pattern with the subsequent mainshock activity. The analysis of target earthquakes in California since 1960 with magnitudes M ! M cut reveals that these correlations increase systematically with growing M cut , and correlations at greater than 95% confidence are observed for M cut ! 6.5 in the case of the spatial correlation length. In particular, the seismicity patterns are found to be significantly correlated with each of the largest earthquakes (M ! 7.0), individually. The acceleration of the moment release has a similar trend, but is less significant.
Introduction
[2] The question whether or not earthquakes are predictable is one of the ''holy grails'' of geophysics. The application of concepts from statistical physics and nonlinear dynamics, e.g. self-organized criticality [Bak and Tang, 1989] , provided new insights into the prediction problem [Geller et al., 1997; Hainzl et al., 2000] . In the recent past, the critical point concept for large earthquakes has led to a revised understanding of the preparatory process of mainshocks. Based on the theory of crack propagation and damage mechanics [Vere-Jones, 1977; Das and Scholz, 1981] , the rupture process has been reinterpreted as a critical point phenomenon in terms of statistical physics. The approach to the critical point as well as the rupture process itself is characterized by scaling rules [Allegre et al., 1982; Sornette and Sornette, 1990 ], e.g., for the spatial correlations of the stress field. Voight [1989] derived a second-order differential equation for material failure and showed that it can be solved for certain parameter values by the well-known time-to-failure equation. This equation has been used in recent years to quantify the acceleration of seismicity prior to large earthquakes [Bufe and Varnes, 1993; Bowman et al., 1998; Jaumé and Sykes, 1999; Bowman and King, 2001] , first reported by Sykes and Jaumé [1990] . Ben-Zion and Lyakhovsky [2001] found that accelerating moment release has predictive power, if the seismicity has a broad frequency-size statistics. Using the renormalization group formalism, Sornette and Sammis [1995] elaborated the ''critical earthquake concept'' by deriving the time-to-failure equation in the framework of statistical physics. The acceleration of the moment release is a hallmark of the critical earthquake concept. However, the most important feature of spatially extended critical point systems is in general the growth of the spatial correlation length according to a power law with a singularity in the critical point [Main, 1999] . investigated the scaling relation for the spatial correlations and proposed a method to measure the correlation length by means of the epicenter fluctuations.
[3] Critical point behavior prior to large earthquakes has been reported in several case studies [Jaumé and Sykes, 1999 and citations therein] . However, the analysis has only been conducted for special values of space and time. Thus, no conclusions can be drawn with respect to practical forecasting purposes. The goal of the present work is to search systematically for patterns related to critical point behavior in terms of growing spatial correlation length and accelerating moment release without tuning free parameters. The correlations of these pattern with subsequent intermediate to large earthquakes are calculated. In a recent work, mapped curvature parameters, which measure the quality of a power law fit to the data, in space. This method is now generalized in the way that probabilities are mapped with the advantage that different patterns can be compared in a straightforward manner. Because parameters like space or time windows are not known in advance, it is a common technique to detect the patterns related to critical point dynamics in the entire parameter space. The same procedure is then repeated for a large number of appropriate random earthquake data. The significance is measured by the deviation of the original pattern from the corresponding distribution of patterns in the random data.
Data and Method
[4] We analyze the seismicity in California between 32°N and 40°N latitude. The data are taken from the Council of the National Seismic System (CNSS) Worldwide Earthquake Catalog (available at (http://quake.geo.berkeley.edu/cnss). The catalog covers the time span from 1910 to the present. To account for homogeneous reporting, we restrict the analysis to the time from 1960 to 2001.
Power Law Fits
[5] The method to calculate the accelerating moment release (AMR) is close to the methodology in Bowman et al. [1998] . In particular, the time-to-failure equation for the cumulative Benioff strain (AE) (t) = P N t
ð Þ i¼1
ffiffiffiffi ffi E i p of the earthquakes at times t with energies E i prior to a mainshock occurring at time t f
is fit to the data in a circular space window with radius R, a time interval (t 0 ; t f ) for earthquakes with magnitudes M ! 5.0. The GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 11, 10.1029 /2002GL014856, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL014856$05.00 constants A and B are fit parameters. The exponent m is set to m = 0.3 according to numerous AMR studies, e.g., Bufe and Varnes [1993] . The power law fit is compared with a linear fit A 0 À B 0 (t f À t) and the quality of the power law fit is measured by the curvature value C, which is the root mean square (rms) error of the power law fit divided by the rms error of the linear fit. The free parameters R and t 0 are determined by the condition that C is a minimum.
[6] The proceeding for the detection of the growth of the spatial correlation length (GSCL) is identical, except that now the equation for the spatial correlation length x xðtÞ ¼ Dðt f À tÞ Àk ð2Þ is used with the fit parameter D and M ! 4.0. For the exponent k, we use the empirical value k = 0.4 found in , although other authors suggest on theoretical grounds k = 0.25 [Rundle et al., 1999] . Note that equation (2) has a singularity at t = t f , whereas (AE) (t = t f ) in equation (1) remains finite. Because x is a non-cumulative quantity, the curvature parameter C is now the rms error of the power law fit divided by the rms error of the constant fit.
[7] Both, the GSCL and the AMR patterns are detected on a spatial grid with a resolution of 0.5°in longitude and latitude for a fixed time t f . To account for the temporal evolution of the pattern, a time grid for t f is introduced. Due to the high computational effort the resolution is set to one year: t i t fi = 1960.0 + i with i = 0, . . ., 41. The result is a function Cx; t i ð Þ of curvature parameters for the GSCL patterns and the AMR patterns, respectively.
Random Earthquake Catalogs and Significances
[8] In the next step, Cx; t i ð Þ is calculated for n ran = 100 random catalogs. The algorithm for the computation of these synthetic data is described in . Each catalog is a realization of a random Poisson process with additional synthetic aftershock activity following Omori's law. The distributions of magnitudes and epicenters fit those of the original catalog; the latter feature is important for the GSCL patterns. The significance of an observed pattern calculated at the locationx at time t i in the real data can be defined by the probability
where nx; t i ð Þ is the number of random catalogs with C i origx ; t i ð Þ C i ranx ; t i ð Þ. That is, large values of p denote high significances indicating that the pattern cannot be reproduced easily by random data.
Likelihood Ratio Test
[9] The likelihood ratio test has been proposed Gross and Rundle [1998] in order to compare two models with respect to their suitability to describe an observed data set. In our case, the observed data (target events) are given by the set of N(t i ) earthquakes with M ! M cut occurring within the time interval [t i ; t i + 1 year]. Model 1 is defined by the GSCL, respectively AMR pattern of the original catalog, that is, the function px; t i ð Þ. Model 2 is the corresponding pattern for a random catalog. For both models, the likelihood function L is computed for the entire space-time volume and the total number N = P i N i (t) of target earthquakes:
Px k ; t i ð Þ is the normalized probability density for an event occurring in the time interval [t i ; t i + 1 year] at the epicenterx k of a target event with a premonitory GSCL, respectively AMR pattern. To apply the likelihood ratio test, we assume the probability density function
consisting of a two-dimensional Gaussian function g around the spatial grid nodex with a standard deviation equal to the distance between two grid nodes. The second function is defined bỹ px ð Þ ¼ px ð Þ À 0:5 ð ÞÁÂ px ð Þ À 0:5 ð Þwith px ð Þ from equation (3). This definition is based on the fact that px ð Þ = 0.5 refers already to randomness and thus px ð Þ ! 0.5 is a meaningless case which is excluded from the analysis by means of the Heavyside step function Â. For each catalog, the normalization factor k is defined by the condition that the probability density integrates to the total number N of target earthquakes, k = N/ R R Px; t ð Þd 2 x dt.
[10] The likelihood function is also measured for each of the random catalogs. The likelihood ratio LR = L orig /L ran of the normalized likelihood functions for model 1 and model 2 is equal to the ratio p/p ran , where p denotes the probability that the observed seismicity arises from the original data (model 1) and p ran is the corresponding probability for the random data (model 2). In the case of LR(t i ) > 1, the detected GSCL patterns in the original catalog are more correlated with the target seismicity than the patterns from the random catalogs. By contrast, LR(t i ) < 1 means that the patterns from the random catalog fit better to the target earthquakes.
Results and Discussion
[11] First, the spatiotemporal correlations are calculated according to the previous section. The number N s 2 [0; 100] of random catalogs with LR i > 1 is used as a measure to compare original data and random data in space and time. Note that due to the normalization, this quantity includes not only information about mainshocks with a precursory pattern, but also ''false alarms'' (patterns without a mainshock) and ''false positives'' (mainshocks without a pattern). Figure 3 shows N s as a function of the lower magnitude threshold M cut of the target events. For the GSCL analysis the figure shows a well defined region M cut ! 6.5 where the GSCL pattern is positively correlated with the observed mainshock activity at greater than 95% confidence.
[12] Because N s % 50 would indicate random response, the values for 5.0 M cut 6.0 reveal an anticorrelation between the observed GSCL patterns and the real seismicity. This behavior points to a small-scale clustering in space which is below the background level of the spatial correlation length. Because a minimum number of earthquakes is required to perform the power law fits, the space window cannot be reduced to such small scales and consequently, a negative correlation is found on intermediate scales. This behavior is not expected in the AMR patterns, because energy release below a certain background level still makes a small but positive contribution to AE in equation (1), which is a cumulative measure. In fact, for M cut 6.4 the results reflect almost randomness, whereas for higher values of M cut the tendency is similar to those of the GSCL patterns, with lower confidence levels. These findings confirm clearly the hypothesis that patterns based on critical point dynamics are precursory phenomena to the largest earthquakes in California.
[13] Next, we consider the spatial patterns px; t i ð Þ at times t i prior to the mainshocks (M ! 6.5) in California. These patterns are shown in Figure 2 for GSCL and in Figure 3 for AMR. In some cases, the spatial correlations of the GSCL pattern with the future seismicity is clearly visible, e.g., the San Fernando, Loma Prieta, and the Hector Mine earthquakes. For the AMR pattern, the San Fernando earthquake shows the best agreement. In general, the regions covered by high probabilities for critical point behavior are relatively large, especially in Figure 3 . This is to some degree in accordance with the earlier observations that these regions are much larger than the rupture areas of the mainshocks. However, the optimization technique may lead in some cases to an over-estimation of the space windows and to the inclusion of patterns far away from the center of the circle. As a consequence, almost the whole catalog seems to be loaded, e.g., in Figures 3f  and 3g . Refinements with respect to the determination of the space window are thus expected to reduce the size of the alarm area. For that, the space window could be determined for a fixed target magnitude M by an empirical scaling relation R $ M, instead of an optimization. This work is left for future studies. Furthermore, Bowman and King [2001] showed that the results for accelerating moment release can be improved, if the circular critical regions, where the power law is fit, are replaced by the regions of high pre-event stress estimated from the Coulomb stress shadows after the main shock. This approach requires, however, detailed knowledge of the mainshock.
[14] However, Figure 2 and Figure 3 only show the patterns before the mainshocks. A likelihood ratio test for each time step includes more information, because the normalization provides a measure for the significance of the pattern px; t i ð Þ relative to the entire space-time distribution of p. Therefore, we compute for the eight values t i from each figure the number of random catalogs with LR(t i ) > 1. Equation (4) reduces to a single value of t i and the normalization factor is calculated by integrating P for t t i . The mainshock defines the target event. The results listed in Table 1 show again that GSCL patterns are most significant for the largest mainshocks, namely M ! 7. The probability that the mean of hN s i is larger than or equal to the mean of eight random numbers San Fernando (1971) 6.6 70 93 c. Coalinga (1983) 6.7 52 11 d. Superstition Hills (1987) 6.6 74 23 e. Loma Prieta (1989) 7.0 100 62 f. Landers (1992) 7.3 98 54 g. Northridge (1994) 6.6 96 67 h. Hector Mine (1999) 7.1 97 60 mean (a-h) 77.9 47.3 P conf in % 99.7 39.7 P conf is the probability that the mean of hN s i is larger than or equal to the mean of eight random numbers between 0 and 100. between 0 and 100 is 99.7%. In contrast, the results for the AMR patterns is close to random response.
Conclusions
[15] In this work, we have defined the critical point hypothesis for large earthquakes in terms of growing spatial correlation length (GSCL) and accelerating moment release (AMR). For both patterns, the correlation with the observed mainshock activity increases, if the magnitude threshold of the target earthquakes M cut grows. For M cut ! 6.5 the space-time correlation of the GSCL pattern with the target events is significant at greater than 95% confidence. A similar correlation analysis of individual mainshocks leads also to high significances for the largest mainshocks. The result of the AMR analysis is similar but less significant for the space-time correlations and close to a random response for most of the individual earthquakes. We conclude that further refinements of the pattern detection, e.g., the reduction of the number of fit parameters, is very encouraging for a further increase of the significances. This would probably allow to estimate the spatial extensions of the critical point patterns more precisely. In general, our results strengthens the hypothesis that large earthquakes are preceded by observable patterns related to a critical point process.
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